Introduction
============

Stargardt disease (STGD1; OMIM [248200](https://www.ncbi.nlm.nih.gov/omim/?term=248200)), also known as *ABCA4* retinopathy, is an autosomal recessive retinal dystrophy regarded as the leading cause of inherited macular dystrophy \[[@r1],[@r2]\]. The condition has an estimated incidence of 1 in 10,000 individuals \[[@r3]\] and is typically associated with wide variations in age of onset and phenotype severity \[[@r4]-[@r6]\]. Patients with STGD1 generally acknowledge bilateral, gradual decline in vision between the ages of 6 and 20 years, with visual loss in the range of 20/30 to 20/200 or worse. A bilateral central scotoma and a red-green color perception defect may also occur in advanced stages of the disease \[[@r7],[@r8]\]. Retinal fundus findings are heterogeneous ranging from a beaten-bronze appearance to atrophy, often presenting with characteristic yellowish-white round or pisciform macular flecks at the level of the RPE \[[@r9]\]. In most patients with STGD1, fluorescein angiography (FA) shows the characteristic dark choroid sign, which is caused by the blockage of normal choriocapillaris fluorescence with lipofuscin \[[@r7]\].

STGD1 arises from biallelic mutations in *ABCA4*, a gene encoding a retina-specific ATP-binding cassette (ABC) transporter protein that has a role in the retinoid cycling between photoreceptors and the RPE \[[@r10]\]. The absence of a functional ABCA4 protein causes lipofuscin accumulation in the photoreceptor outer segment and the RPE, which subsequently results in photoreceptor apoptosis \[[@r2],[@r11]\]. It has also been demonstrated that ABCA4-deficient cones simultaneously generate more A2E bisretinoid (a major lipofuscin component) than rods and that primary cone toxicity may contribute to macular vision loss in addition to cone death secondary to RPE atrophy \[[@r12]\].

STGD1 is one of the most mutationally heterogeneous retinal dystrophies as more than 1,000 *ABCA4* pathogenic variants distributed along the entire gene have been described to date in affected individuals \[[@r13]-[@r15]\]. The estimated carrier frequency for an *ABCA4* defective allele in the general population ranges from 1/10 to 1/20 \[[@r16],[@r17]\], explaining the high proportion of compound heterozygous mutations detected in patients with STGD1. Given this substantial number of different mutant alleles in populations, the existence of more than one *ABCA4* disease-causing mutation should be considered even in consanguineous affected families \[[@r18]\].

However, several instances of STGD1 founder mutations have been identified in particular ethnic groups \[[@r19]-[@r22]\]. The identification of recurrent or founder mutations in a population is of great importance because testing for one or a few prevalent mutations is more efficient and low-cost than testing for many rare variants, and because it allows presymptomatic diagnosis and the application of carrier-detection programs. In addition, careful phenotyping of patients who are homozygous for specific mutations in *ABCA4* is essential to enhance our understanding of disease expression linked to particular mutations and the resulting genotype--phenotype correlations \[[@r23]\].

Recently, a p.Ala1773Val missense mutation in*ABCA4*was identified in numerous individuals with STGD1 originating from the same geographic region in Mexico, thus suggesting a founder mutation effect \[[@r24]\]. The aim of the present study was to characterize the clinical, functional, and optical coherence tomography (OCT) retinal imaging phenotypes associated with this uncommon mutation in*ABCA4*.

Methods
=======

Patients
--------

The study protocol was approved by the Institutional Review Board, and the procedures followed the tenets of the Declaration of Helsinki. A total of ten patients with molecularly diagnosed STGD1 were included in the study. Of them, nine were homozygous, and one was heterozygous for the p.Ala1773Val mutation in *ABCA4*. The clinical features of five patients were previously reported in a limited fashion by our group \[[@r24]\]. The patients belonged to six apparently unrelated Mexican families arising from the central region of the country, and aside from their retinal disease, they were healthy individuals.

Mutation screening of *ABCA4*
-----------------------------

Patients P1, P2, P5, and P6 ([Table 1](#t1){ref-type="table"}) were previously demonstrated to carry the p.Ala1773Val mutation in both *ABCA4* alleles; patient P9 was a heterozygous carrier of the mutation \[[@r24]\], and the second pathogenic allele could not be identified after sequencing the entire *ABCA4* coding region (50 exons). Patients P3, P4, P7, P8, and P10 were novel cases with a clinical diagnosis of STGD1 and were genotyped for this study. The molecular methods for *ABCA4* genetic screening included DNA isolation from peripheral leukocytes, PCR amplification of the *ABCA4* gene, and direct nucleotide sequencing of the amplicons, following procedures reported elsewhere \[[@r24]\]. These five novel patients were also demonstrated to carry the c.5318C\>T (p.Ala1773Val) homozygous mutation. Familial segregation analysis was performed in all of the patients demonstrating that the phenotype segregates exclusively with homozygous patients. Importantly, analysis of the intragenic single nucleotide polymorphism (SNP) haplotype linked to the ABCA4 p.A1773V substitution in DNA from all affected patients showed concordance for the same haplotype of SNPs, rs4847281, [rs3112831](https://www.ncbi.nlm.nih.gov/snp/?term=rs3112831), [rs4147831](https://www.ncbi.nlm.nih.gov/snp/?term=rs4147831), [rs1801666](https://www.ncbi.nlm.nih.gov/snp/?term=rs1801666), [rs1801574](https://www.ncbi.nlm.nih.gov/snp/?term=rs1801574), and c.6543C\>T, further supporting a founder effect for this particular mutation in this population.

###### Clinical data of STGD patients carrying the p.Ala1773Val mutation in ABCA4.

        Age/Sex\*   Photophobia†   Nyctalopia†   VA‡              Refraction^ΙΙ^   Mutation       Evolution time (yr)   Stage\#
  ----- ----------- -------------- ------------- ---------------- ---------------- -------------- --------------------- ---------
  P1    32/F        Y              Y             20/400           −1.75            Homozygous     28                    4
  P2    26/F        Y              Y             20/200           −2.25            Homozygous     11                    4
  P3    27/F        Y              Y             20/400           −2.25            Homozygous     18                    4
  P4    16/F        Y              N             20/400--20/200   −2.00            Homozygous     8                     3
  P5    29/F        Y              N             4/200--20/300    −4.00            Homozygous     21                    4
  P6    30/F        Y              Y             20/300--20/200   −3.25            Homozygous     23                    4
  P7    32/F        N              Y             20/300           −2.50            Homozygous     19                    4
  P8    9/M         N              Y             20/200           −0.50            Homozygous     2                     2
  P9    19/M        Y              Y             20/300           −2.00            Heterozygous   12                    3
  P10   13/F        Y              Y             20/200           −2.50            Homozygous     5                     3

Age at diagnosis / Sex of the patient; † Photophobia/Nyctalopia; yes (Y) / NO (N); ‡ Best corrected visual acuity at diagnosis visit; similar in the two eyes; otherwise, specified individually as RE-LE; ^ΙΙ^Spherical equivalent at diagnosis visit; average of both eyes.; \# Fishman classification (Mild: 1-2) (Severe: 3-4).; Fishman et al., 1999 \[[@r4]\].

Visual function studies
-----------------------

Patients underwent a complete eye examination, including best-corrected visual acuity, Goldman kinetic visual fields, and electroretinography (ERG). Full-field ERG (Metrovision ERG system, Perenchies, France) was performed in all the patients using the International Society for Clinical Electrophysiology of Vision (ISCEV) standard stimuli \[[@r25]\]. A contact lens electrode (Jet ERG) was used in all the studies. Dim blue flashes after 20 min of dark adaptation were used to elicit pure rod responses. Flicker amplitudes were used as the main measurement of the cone responses. Classification of cone-rod dystrophy or rod-cone dystrophy in all patients with *ABCA4*retinopathy was performed by comparing the percentage of amplitude reduction between the rod and cone responses. The percentage of reduction in the photoreceptor response was calculated according to the average of the normal values.

Imaging studies
---------------

Retinal cross-sections were obtained with OCT (Spectralis; Heidelberg Engineering GmbH, Heidelberg, Germany). A 9-mm line scan along the horizontal meridian crossing the fovea and using the eye-tracking feature (ART) was performed in all patients. Eccentricity of the outer nuclear layer (ONL) and the ellipsoid zone (EZ) line were determined by manual segmentation by using the Spectralis built-in measurement software. The ONL was defined as the area between the scleral side of the outer plexiform layer (OPL) and the vitreal side of the external limiting membrane (ELM). The EZ line was defined as the second hyperreflective band in the outer retina \[[@r26]\]. En face short-wave autofluorescence (SW-AF) imaging was used to estimate RPE health. SW-AF (488 nm) was performed in the high-speed mode where the 30° x 30° field was sampled on a 768 × 768 pixel image. Quantitative analyses of hypofluorescent central areas were manually measured by delineation of areas of decreased autofluorescence. The optic nerve head and blood vessels were used as a reference for hypofluorescence, and the peripheral healthy retina was used as a reference for normal autofluorescence. A proposed classification of abnormal autofluorescence patterns in Stargardt disease was used for the description of this cohort of patients \[[@r27]\]. Briefly, type 1 was defined as a localized low AF signal at the fovea surrounded by a homogeneous background with or without perifoveal loci of a high or low signal, type 2 as a localized low AF signal at the macula surrounded by a heterogeneous background and widespread foci of a high or low AF signal extending anterior to the vascular arcades, and type 3 as multiple areas of a low AF signal at the posterior pole with a heterogeneous background with or without foci of a high or low signal.

Results
=======

Clinical characteristics of patients with *ABCA4*retinopathy due to the p.Ala1773Val mutation
---------------------------------------------------------------------------------------------

A summary of the clinical findings in this cohort is presented in [Table 1](#t1){ref-type="table"}. Four familial cases were included: Patients P1 and P2, P3 and P4, and P5 and P6 were pairs of sisters; patients P7 and P8 were mother and child. The remaining two patients (P9 and P10) were sporadic cases. Patients' age ranged from 9 to 32 years (median: 26.5 years) when first diagnosed. The average reported age of central visual symptoms was 8.6 years. All patients denied a history of smoking or use of vitamin A or its derivatives. Time of evolution from onset of symptoms to present clinical evaluation was, on average, 14.7 years. Best-corrected visual acuities ranged from 20/200 to 4/200 in the eye with better vision at the first examination ([Table 1](#t1){ref-type="table"}). A myopic refractive error was identified in all the patients (spherical equivalent range: −4.00 to −0.50; [Table 1](#t1){ref-type="table"}). The majority of patients (eight out of ten) referred photophobia and nyctalopia during the first decade of life. On the ophthalmoscopic examination, only one patient (P8) showed flecks within and outside the vascular arcades, and this was the youngest patient in the cohort at the time of the examination. The disease severity classification proposed by Fishman et al. \[[@r7]\] was used for all patients. Accordingly, the majority of the patients (P1--P3 and P5--P7) were classified as stage 4; this stage is characterized by widespread choriocapillaris atrophy, resorption of flecks, and greatly reduced ERG amplitudes. As shown in [Table 1](#t1){ref-type="table"}, there seemed to be a tendency for correlation between the age of clinical examination and severity of the disease. An important fundoscopic finding in six affected individuals (P1--P3 and P5--P7) was the presence of pigmented lesions with well-defined borders located mainly in the mid- and far-peripheral retina ([Figure 1](#f1){ref-type="fig"}).

![Fundoscopic findings in patients with the p.Ala1773Val mutation in *ABCA4*. Pigmented, round, well-demarcated sub-retinal lesions on the mid-peripheral retina in three patients (white arrows in **A**, **B**, and **C**). White, well-defined, non-pigmented, sub-retinal lesions shown in patient P7 (arrowhead in **A**).](mv-v24-105-f1){#f1}

Visual function in *ABCA4*retinopathy due to the p.Ala1773Val mutation
----------------------------------------------------------------------

Three distinct kinetic perimetry patterns were found in all patients included in the study. The most common pattern of visual field abnormality, present in seven patients (P1, P2, P5--P8, and P10), was characterized by an absolute scotoma involving the central 5 degrees of vision with normal extent of the peripheral visual field ([Figure 2A](#f2){ref-type="fig"}, top). In contrast, patient siblings P3 and P4 showed a relative central scotoma with a normal peripheral visual field at age 27 and 16 years, respectively ([Figure 2A](#f2){ref-type="fig"}, middle). The last pattern, observed in patient P9, was characterized by a reduction in the peripheral visual field associated with a midperipheral absolute scotoma involving the central 5 degrees of vision ([Figure 2A](#f2){ref-type="fig"}, bottom). All patients had full-field ERG recorded, and all had detectable signals. Two siblings, patients P5 and P6, showed more peripheral cone than rod function. The rest of the patients included in the cohort showed cone-rod dystrophy on full-field ERG ([Figure 2B](#f2){ref-type="fig"}).

![Visual function in patients with the p.Ala1773Val mutation in *ABCA4*.**A**: Three different kinetic perimetry patterns in patients with *ABCA4* retinopathy. Absolute central scotoma involving the central 10 degrees of vision (top, black shadow). Relative central scotoma involving the central vision (middle, gray shadow). Absolute central scotoma associated with reduction of the peripheral visual field (bottom, black shadow) **B**:Measured electroretinography (ERG) recordings shown as the percentage of cone and rod function compared with normative data in ten patients with the p.Ala1773Val mutation in *ABCA4*.](mv-v24-105-f2){#f2}

OCT structural analysis of the retina in *ABCA4*retinopathydue to the p.Ala1773Val mutation
-------------------------------------------------------------------------------------------

By OCT imaging, a healthy central retina is characterized by preserved lamination with normal ONL thickness and hyperreflective external bands ([Figure 3A](#f3){ref-type="fig"}). In the study patients, in vivo microstructure analysis with OCT showed central retinal thinning and loss of photoreceptors with variable degrees of extension. None of the analyzed patients had preserved photoreceptors in the foveal region. Three different patterns of structural retinal degeneration were observed in the patients. The first pattern of central retinal degeneration was characterized by a detectable ONL, ELM, and EZ line within the central retina **(**[Figure 3B](#f3){ref-type="fig"}) and was documented in patients P1--P4 and P8. The second pattern, observed in patients P5, P7, P9, and P10, was characterized by a detectable ONL and ELM within the central retina ([Figure 3C](#f3){ref-type="fig"}); the third pattern was characterized by only the ONL detectable within the central retina and was observed in patient P6 ([Figure 3D](#f3){ref-type="fig"}). RPE integrity was determined with en face SW-AF imaging. Normal SW-AF is characterized by a central area of decreased autofluorescence signal surrounded by a peak of signal at 10 degrees eccentric from the foveal center ([Figure 3E](#f3){ref-type="fig"}). Two patterns of abnormal autofluorescence were found in the patient cohort. Patients P1--P5, P8, and P10 showed a localized central area of decreased autofluorescence surrounded by a heterogeneous background of high or low autofluorescence areas extending anterior to the vascular arcades ([Figure 3F](#f3){ref-type="fig"}). In contrast, patients P6, P7, and P9 demonstrated multiple areas of decreased autofluorescence signals surrounded by a heterogeneous background of low and high autofluorescence areas ([Figure 3G](#f3){ref-type="fig"}). Quantitation of the areas of decreased autofluorescence signals showed variable degrees of extension (mean ± standard deviation (SD) 7.25 ± 3.14 mm^2^). All patients included in this study showed preservation of autofluorescence signals in the peripapillary retina as has been described by others as a common autofluorescence imaging finding associated with *ABCA4*retinopathy\[[@r28]\].

![Retinal structure in patients with the p.Ala1773Val mutation in *ABCA4*.**A**--**D**: Cross-sectional optical coherence tomography (OCT) images along the horizontal meridian through the fovea in a healthy subject compared with three patients with Stargardt disease (STGD1; P2, P6, and P7) with different patterns of central retinal degeneration. **A**:Retina from a 28-year-old healthy subject with normal central lamination. Magnified OCT images from the extrafoveolar regions delineated by white rectangles on the images illustrate the anatomy of the inner and outer retina. **B**:Retina from a 26-year-old patient with central retinal degeneration where the ONL, ELM, and EZ line are detectable along the central OCT scan. **C**: Retina from a 32-year-old patient with central retinal degeneration and a detectable ONL and ELM along the central OCT scan. **D**: Retina from a 30-year-old patient with central retinal degeneration and only the ONL detectable along the central OCT scan. The white arrow points to the outer nuclear layer. The dashed line with the white arrow points to the ELM. The white arrowhead points to the EZ line. ONL; outer nuclear layer. ELM; external limiting membrane. EZ; ellipsoid zone. **E**--**G**: Short-wave autofluorescence imaging results of a retina from a healthy subject compared with two representative patterns of abnormal autofluorescence imaging in two patients with STGD1 (P2 and P6) with *ABCA4* retinopathy. **E**: SW-AF of a retina from a healthy 28-year-old male shows a central lower autofluorescence signal that increases eccentrically. The blood vessels and optic nerve appear dark. **F**:Retina from a 26-year-old patient with STGD1 shows a central hypoautofluorescence surrounded by a heterogeneous signal extending anterior to the vascular arcades. **G**:Retina from a 30-year-old patient with STGD1 shows a central hypoautofluorescence signal surrounded by patches of decreased fluorescence.](mv-v24-105-f3){#f3}

Discussion
==========

*ABCA4*, the STGD1 gene, is one of the most mutationally heterogeneous retinal dystrophy genes. Remarkably, mutations in this gene have also been associated with non-STGD retinal phenotypes, such as autosomal recessive cone-rod dystrophies with retina-wide degeneration \[[@r29]-[@r31]\] or with early-onset severe dystrophy, sometimes mimicking retinitis pigmentosa \[[@r32]-[@r34]\].

As a result of the tremendous allelic heterogeneity in STGD1, most mutations in *ABCA4* are private or occur in a minority of patients with STGD1. Nevertheless, several instances of recurrent mutations due to a founder mutation effect have been described, including p.C1490Y, p.R1129L, c.4254-15del23, and c.4539+2001G\>A \[[@r19]-[@r22]\]. The identification of recurrent mutations in specific populations is important for directing *ABCA4* molecular screening in patients from a particular ethnic group. In a recent report, Chacón-Camacho et al. \[[@r24]\] performed *ABCA4* molecular analysis in a cohort of 31 unrelated patients with STGD1 from Mexico and identified the missense p.Ala1773Val pathogenic variant in eight out of a total of 46 disease-associated alleles (17.5%). Interestingly, all patients carrying this particular mutation originated from the same region of the country, and haplotype analyses of intragenic SNPs in four patients supported a common origin for this mutation \[[@r24]\].

In this work, we sought to characterize the retinal phenotype associated with the p.Ala1773Val mutation in *ABCA4*. A total of ten individuals (among them, nine were homozygous) carrying this pathogenic variant were subjected to clinical examination, as well as imaging and functional retinal studies.

Phenotype characterization showed individuals with STGD1 carrying the p.Ala1773Val mutation exhibited fundus areas of depigmentation and hyperpigmentation within the vascular arcades. The pattern of pigmentation of these lesions does not correspond to the typical scattered fine pigmentation of bone spicules that has been associated with cases of *ABCA4*retinopathy. Fundoscopic findings of the mid- and peripheral retina in patients with *ABCA4*retinopathy with wide retinal degeneration have been described as areas of hypopigmentation associated with scattered pigment clumping \[[@r35]-[@r37]\]. To the best of our knowledge, the pigmented well-demarcated lesions in the mid- and peripheral retina observed in 50% of the patients in this study have not been described in any form of *ABCA4*retinopathy. Whether this clinical finding is related to the effect of this specific mutation is not known.

Autofluorescence imaging is a useful non-invasive tool for diagnosis and follow-up of *ABCA4*retinopathy\[[@r27],[@r38]\]. Abnormal autofluorescence is present in earlier stages of the disease \[[@r39]\], and we identified a variable extension of abnormal autofluorescence in all patients with the p.Ala1773Val mutation. The ring of preserved peripapillary autofluorescence that has been described as a common finding in patients with *ABCA4*retinopathy \[[@r28]\] was also observed in all patients in this cohort. In this respect, recent studies have shown that nullizygosity for *ABCA4* is associated with rapid progression shown by enlargement of central atrophy on fundus autofluorescence (FAF) while most patients harboring intermediate and null-like mutations display FAF abnormalities extending beyond the vascular arcades \[[@r40],[@r41]\]. This latter pattern was observed in most (seven out of ten) of the patients in this cohort.

Variability of clinical expression has been documented in several cohorts of patients with *ABCA4*retinopathy, and the residual functionality of ABCA4 is the proposed mechanism for this variable expression \[[@r42]\]. Approximately 2--5% of the mutations in *ABCA4* result in a phenotype compatible with retinitis pigmentosa \[[@r43]\]. It has been proposed that severe mutations in both *ABCA4* alleles are responsible for this phenotype. In our series, two cases had a retinitis pigmentosa pattern on ERG. These data indicate that additional factors, genetic or environmental, could modulate the final retinal phenotype associated with an identical mutation in the *ABCA4* gene.

The p.Ala1773Val mutation has been identified in a few patients with sporadic STGD1 from other ethnic groups \[[@r23],[@r37],[@r44]-[@r49]\]. However, to date, homozygosity for this variant has not been demonstrated in non-Mexican patients with STGD1. Altogether, these data indicate that the p.Ala1773Val variant may have a higher allele frequency in Mexican patients with STGD1, an assumption supported by the fact that 11 out of 14 carriers of this variant included in the [ExAC](http://exac.broadinstitute.org) database are of Latino origin. Of note, the majority of patients with STGD1 heterozygous for the p.Ala1773Val allele and a different second pathogenic allele had late onset of disease (mean age of 26 years) and relatively well-preserved vision \[[@r23],[@r37],[@r45],[@r49]\]. The relatively large cohort of patients homozygous for the p.Ala1773Val mutation included in this study enabled us to study the phenotypic effect of this specific variant and to categorize it in terms of severity. The early age of onset and extensive atrophy observed on FAF at an early age and early retina-wide involvement are similar to the phenotype of patients harboring null *ABCA4* variants \[[@r40]\]. Thus, we hypothesize that p.Ala1773Val confers little to no ABCA4 function and could be categorized as a null-like mutation.

In this study, five new patients with STGD1 carrying the p.Ala1773Val mutation were included. Remarkably, all these patients originated from the same geographic region as the other patients carrying this variant we had reported previously \[[@r24]\]. The SNP haplotype analysis data confirmed our previous suggestion of a founder mutation effect for this particular mutation in patients with STGD1 from the central region of Mexico. These observations have prompted us to direct the genetic screening of STGD1 by searching first for the p.Ala1773Val mutation in *ABCA4* in patients arising from this region. This approach has allowed us to diagnose additional patients with STGD1 from the same region carrying this pathogenic variant. (data not shown).

In conclusion, we described the retinal phenotype associated with a founder mutation in *ABCA4* in a subgroup of patients with STGD1 from Mexico. Population genetic studies for known mutations to determine allele frequencies and their regional distributions could lead to more precise recommendations for genetic testing and could also help to define a better genotype--phenotype correlation in the group of *ABCA4*-linked retinal dystrophies. With the advent of novel treatment options, such as gene therapy, cell-based therapy, and optogenetics as potential effective treatments for *ABCA4*retinopathy, comprehensive understanding of the disease phenotype represents a fundamental prerequisite for planning possible clinical trials in patients with STGD1.
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